The effects of the N-methyl-o-aspartate (NMDA) antagonist MK-801 on capillary beds and CBP following 1 h of transient incomplete focal cerebral isch emia were studied by examining 133 Xe CBP, capillary diameter, and area of perfused vasculature. Capillary di ameter increased from a control of 5. 24 ± 0. 37 to 8. 62 ± 0. 57 f.Lm (p < 0.001) and area of perfused vasculature from 20,943 ± 1,151 to 30,442 ± 1,691 f.Lm 2 /x 10 magnifi cation field (p < 0. 001) with MK-801 1. 0 mg/kg adminis tered 30 min prior to ischemia. After flow restoration in control animals, there was a relative hypoperfusion with eventual normalization of CBP over 60 min. Alterna-
CBF alterations following a transient global isch emic insult have been well described. Typically, there is transient hyperperfusion followed by signif icant declines in CBF termed "postischemic de layed hypoperfusion" (Ames et al., 1%8; Rossmann et al., 1973; Snyder et al., 1975; Ginsberg et al., 1978; Welsh and O'Connor, 1978; Pulsinelli et al., 1982; Kagstrom et al., 1983; Marcy and Welsh, 1984) . During postischemic delayed hypoperfusion, there is an increase in both oxygen extraction and metabolism, suggesting that a mismatch between metabolic demand and substrate delivery exists (Snyder et al., 1975; Levy and Duffy, 1977; Welsh and O'Connor, 1978; Paschen et al., 1983) . Accord ingly, it has been postulated that this perfusion de-tively, in MK-801 1.0 mg/kg animals, there was rapid nor malization of CBP upon flow restoration without the postischemic hypoperfusion observed in controls. On his tological analysis, there was consistently less neuronal edema in MK-801-treated animals. These results support the hypothesis that hypoperfusion following incomplete focal cerebral ischemia may be due in part to NMDA mediated cellular edema with subsequent extravascular capillary bed compression. Key Words: Cerebral blood flow-N-Methyl-o-aspartate receptor-Excitatory amino acids-Postischemic hypoperfusion-Capillary. rangement may contribute to neuronal injury after a global ischemic event.
Alternatively, the CBF changes following tran sient incomplete focal ischemia are less well docu mented. In primate models of focal ischemia when the middle cerebral artery (MCA) is temporarily oc cluded, a core region of severe ischemia develops. Upon flow restoration, a reactive hyperemia devel ops, as evidenced by both visual observation of cor tical erythema and red veins and CBF measure ments (Sundt et al., 1969) . Lassen (1966) initially termed this' 'luxury perfusion," suggesting that this phenomenon was a failure of autoregulation. This hyperemia was thought to be a cause of gross pa renchymal edema leading to brain herniation. It was subsequently demonstrated that the degree of reac tive hyperemia was directly related to the severity of the ischemic insult (Sundt and Waltz, 1971) . Given the fact that focal ischemia produced by MCA occlusion yields a heterogeneous pattern of ischemia, more recent data have shown that blood tlow changes following flow restoration are vari-able. For example, after temporary occlusion of the MCA in cats, hyperperfusion followed by hypo per fusion was observed in core regions of ischemia. Alternatively, in the periphery of the MCA distri bution where blood flow reductions were moderate, hypoperfusion without preceding hyperemia devel oped (Traupe et aI., 1982) . Similarly, in a detailed study of blood flow changes in the rat following temporary MCA occlusion, reactive hyperemia oc curred only in regions of severe ischemia while moderately ischemic regions had an immediate hy poperfusion. In the severely ischemic regions the hyperemia gave way to a delayed hypoperfusion reminiscent of that observed in global ischemia. Al ternatively, blood flow in the moderately ischemic sites eventually normalized (Shigeno et aI., 1985) .
The pathophysiology of hypoperfusion following either transient global or focal ischemia has been attributed to (a) intravascular factors including in creased platelet aggregation or blood viscosity and polymorphonuclear leukocyte injury to endotheli um (Fischer and Ames, 1972; Little et aI., 1975; Safar et aI., 1976; Dougherty et aI., 1977; Obreno vitch and Hallenback, 1985; Grogaard et aI., 1989) ; (b) vascular wall changes including smooth muscle contraction, microvillus formation, and endothelial edema (Chiang et aI., 1968; Takagi et aI., 1977; Pal jarvi et aI., 1983; Dietrich et aI., 1984) ; and (c) ex travascular edema including glial tissue causing me chanical capillary compression (Crowell and Ols son, 1972; Little et aI., 1975; Iannotti et aI., 1985) .
During ischemia there is an increase in extracel lular excitatory amino acid concentrations (Ben veniste et aI., 1984; Drejer et aI., 1985) . Since the N-methyl-D-aspartate (NMDA) receptor to these amino acids gates an Na + channel, it has been pos tulated that during ischemia an influx of N a + leads to early cellular edema and eventual osmolysis (for review see Rothman and Olney, 1986) .
This experiment was designed to evaluate the ef fects of the preis chemic administration of dizocil ipine maleate (MK-80l), a selective noncompetitive antagonist of the NMDA receptor (Wong et al., 1986; Kemp et aI., 1987) , on CBF, capillary diam eter, and area of perfused vasculature. The hypoth esis tested was that cortical neuronal edema attrib utable to the NMDA receptor might contribute to hypoperfusion following transient incomplete focal ischemia through vascular bed compression.
METHODS

Animal preparation
Adhering to institutional animal care guidelines, 21 fasted white New Zealand rabbits weighing 3.5-4.0 kg J Cereb Blood Flow Metab, Vol. 10, No. 6, 1990 were induced with 4.0%, operated under 2. 0%, and stud ied under 1.0% halothane anesthesia. After tracheostomy each animal was maintained on a respirator (Harvard Ap paratus, Dover, MA, U. S.A.) and administered pancuro nium bromide 0.15 mg/kg to eliminate respiratory effort. PE-90 catheters were placed in the right femoral artery and vein for monitoring of arterial blood gases and drug infusion. A PE-50 catheter was also inserted into the li gated right external carotid artery for retrograde infusion of 133 Xe into the internal carotid artery for CBF measure ments. The animal was then placed prone in a stereotaxic headholder and after orbital enucleation a small right ret roorbital craniectomy was performed using a high-speed airdrill under an operating microscope (x 8 magnification) to expose to proximal MCA. Therefore, the cortex to be subjected to ischemia was not exposed since the overly ing cranium was left intact. Burr holes were placed in a standard configuration for electrode placement to facili tate bipolar EEG recordings of both hemispheres. A 1. 5mm collimator for 133 Xe detection was positioned on the parietal cranium 8 mm posterior to the orbital ridge and 8 mm lateral to the sagittal suture for measuring CBF in the MCA distribution. Core body temperature was main tained at 37.0 ± OSC with a rectal thermostat and heat ing blanket. Blood loss for the surgical preparation did not exceed 5 ml.
Protocol
Each animal was allowed a I-h recovery period prior to further study. Only animals that demonstrated normal CBF and EEG recordings were subsequently investi gated. Arterial blood pressure and EEG were continu ously charted on a Grass model 78 polygraph with AC preamplifier filters set at 0.3-60 Hz. After the I-hr recov ery, the arachnoid overlying the MCA was incised and two baseline CBFs were measured at a P aCoZ of 40 mm Hg. The animals were randomly divided into three groups: control (n = 7), which received the saline vehi cle; MK-801 0.1 mg/kg (n = 7); and MK-801 1.0 mg/kg (n = 7). MK-80l was diluted in 2. 5 ml 0. 9% NaCl and in fused over 5 min 30 min prior to MCA occlusion. The MCA was then occluded for 1 h with a miniature Mayfield vascular clip. CBF was measured at a 15 and 45 min during occlusion. After 1 h of vessel occlusion, flow was restored by removal of the MCA clip. CBF, arterial bloCJd pressure, and blood gasses were measured at 5, 15, 30, 60, 120, and 180 min after flow restoration. The volume of saline-133 Xe infused for measurement of CBF was 0. 5 ml. For each measurement of blood gases, 1.0 ml of blood was removed from the femoral vein catheter and not re placed with colloids. Therefore, the net vascular volume loss for the experimental protocol was -5.0 ml, not con sidering insensible losses.
The animal was then placed supine and a thoracotomy was performed. The left and right ventricles were cannu lated with 14-gauge catheters: The right catheter was con nected to a gravity drainage bottle and the left was at tached to a pressurized infusion bag containing 10% form aldehyde and carbon black I: 1. The descending aorta was clamped, and 300 ml of 0.9% NaCl followed by 125 ml of formaldehyde-carbon black was infused at a nonpulsatile perfusion pressure equal to the mean arterial blood pres sure determined at 180 min post occlusion. During this perfusion, the right ventricle catheter was allowed to drain freely. After 30 min of in situ fixation, the brain was removed through a bilateral craniectomy and placed in buffered to% formaldehyde for tissue processing. Each brain was sectioned coronally 40 mm posterior to the frontal tip to provide tissue in the vascular distribution of the MCA. Forty-micron sections were then processed on an IEC cryostat.
Vascular measurements
In a blinded fashion, random tissue sections from both the nonischemic left and the postischemic right brain were examined. Capillary measurements and area of per fused vasculature were measured in the parietal gray mat ter of the MCA vascular territory. The microscopic sec tions were viewed by an RCA Newvicon TV camera cou pled to a Leitz Orthoplan light microscope. Magnification objectives for selecting fields and for measuring area of perfused vasculature and capillary diameter were 4, to, and x45, respectively. The camera was interfaced with an Imaging Technology video processor system with a Sun 386i computer. The system was calibrated using a Neubauer hemacytometer with 50-l-lm squares. The res olution of the system at x to magnification was 0.31 fun/pixel with a viewing area of 512 x 480 pixels. For each hemisphere, under x45 magnification, a total of 50 capillary diameters were measured in five viewing fields.
To determine the area of perfused vasculature, which would include not only capillaries but penetrating arteri oles, venules, and draining veins, to fields were measured under x to magnification for each hemisphere using the threshold method by setting the gray scale level (0-256). The threshold level was set so that the gray scale range corresponding to the gray scale intensities of the vascu lature only would be counted. Therefore, the gray scale intensities of brain tissue that were above the vascular gray scale range would not be counted.
Statistical analysis
Statistical significance was determined by either Stu dent's paired or unpaired t test. Where indicated, the Bonferroni correction was used for multiple comparisons. Analysis of covariance was used to analyze the interac tion between CBF and arterial blood pressure. The re sults are expressed as means ± SD.
RESULTS
CBF
As indicated in Table 1 , the only significant dif ference in systemic parameters was the decline in mean arterial blood pressure induced by both doses of MK -80 1. Infusion of MK -80 1 caused a decline in CBF as compared with baseline pre drug adminis tration values ( Fig. O . Analysis of covariance dem onstrated no significant relationship between blood pressure and CBF. For example, despite significant differences in blood pressure following MK-80 1 0. 1 and 1. 0 mg/kg administration (92.4 ± 8. 5 vs. 69.4 ± 9. 4 mm Hg, respectively), CBF was not signifi- Values are mean ± SD. CBF is expressed as ml/IOO g brain/min, poco2• MABP, and Pao2 as mm Hg. Graph of 133Xe regional CBF. In all three groups, occlusion blood flows dropped to -50% of preocclusion values and there was EEG attenuation, suggesting that this was a moderately ischemic preparation. Dur ing reperfusion, there was no evidence of hy peremia in any group. MK-801 1.0 mg/kg pre vented hypoperfusion during the first 60 min of reperfusion .• p < 0.05 compared with con trol animals.
--MK 801 0.1 mg/kg Time, min cantly different (41. S ± 5.9 vs. 43. 1 ± 7. 4 mllIOO g/min, respectively). This indicates that autoregula tion was intact after MK-SOI infusion. Fifteen-minute postocclusion CBFs were not sig nificantly different between all three groups. The �50% drop in CBF as compared with baseline pre occlusion flows confirmed successful MCA occlu sion, suggesting that the cortex being measured was undergoing a moderately ischemic insult. However, this may also have reflected in part the "look through" effect of measuring heterogeneous re gional CBF with 133 Xe where both ischemic and nonischemic cortex was being measured. EEG demonstrated attenuation with a change in the base line rhythm of 6-10 to 2-5 Hz, confirming an isch emic insult. During the period of reperfusion, con trols demonstrated hypoperfusion most severe dur ing the first hour without a preceding hyperemia. For example, at 60 min reperfusion CBF measured 3S. 6 ± 6. 5 mill 00 g/min as compared with a baseline of 60.2 ± 7. 5 mllIOO g/min (p < 0.005). In both MK-SOI treatment groups, there was also no ob served hyperemia after flow restoration. In MK-SOI 0. 1 mg/kg animals, there was a postischemic hypo perfusion similar to that observed in controls. Al ternatively, the higher dose of MK-SOI 1. 0 mg/kg prevented this hypoperfusion (Fig. 1) . For example, at 30 min reperfusion CBF measured 4S.3 ± 6.5 mIIIOO g/min in the MK-SOI group versus 30. 9 ± 4. S mllIOO g/min in controls (p < 0.05).
Vascular measurements EO
Both doses of MK-SOI increased capillary diam eters when compared with ischemic controls ( Table  2) . Ischemic control capillaries had a diameter of 5.24 ± 0. 37 compared with S.75 ± 0.95 and S.62 ± 0.57 fLm for MK-SOI 0.1 and 1. 0 mg/kg, respectively (p < 0.001). The capillary diameters of ischemic cortex for both MK-SOI groups were not signifi- Vol. 10, No.6, 1990 120 180 cantly different from the control nonischemic left cortex values. However, the difference between ischemic and nonischemic cortex in the control group was 5.24 ± 0.37 vs. S. 30 ± 0. 41 fLm (p < 0.001). There were no significant differences be tween the controls and the MK-SOI nonischemic left brains, indicating that the drug did not have a direct cerebrovasodilative effect. A confirmatory result was noted in measurements of area of per fused vasculature, which would include penetrating arterioles, capillaries, and venules (Figs. 2 and 3) . The control group had an area of 20,943 ± 1,551 fLm 2 in the ischemic cortex vs. 31,SOS ± I,S72 fLm 2 for the nonischemic side (p < 0.001). Both MK-SOI groups had significant increases in area of perfused vasculature when compared with the ischemic con trol brains: 32,741 ± 4,l1S and 30,442 ± 1,691 fLm 2 for MK-SOI 0.1 and 1.0 mg/kg, respectively (p < 0.001). There were no significant differences be- 
OJ
There were significant differences in con- 
Histology
Additional sections from each animal underwent hematoxylin-eosin staining. The control animals demonstrated a heterogeneous pattern of neuronal cytoplasmic edema and vacuolation along with pyknotic neurons indicative of ischemic damage (Fig. 4) . MK-801 animals had consistently less light microscopic evidence of ischemic injury with nor mal-appearing cytoplasmic morphology.
DISCUSSION
It is important to first consider the blood flow data generated in this experiment. In all three Therefore, it appears that MCA occlusion in this experiment produced primarily a region of moder ate ischemia. Given the fact that there was EEG attenuation during vessel occlusion, the assessed cortex may have represented a penumbra. Prior ex perience with this model (Meyer et aI., 1986 ) with measurement of focal cortical blood flow (80-j.Lm viewing field) demonstrated that during MCA oc clusion there is a small but well-defined region of severe ischemia with postocclusion blood flows de clining to <20% of prehypoperfusion values. This severely ischemic region is surrounded by a much larger area of moderate ischemia as defined by a drop in cortical blood flow to �40-50% of preoc- clusion flows. In the current experiment, CBF was measured with a 1.5-mm collimator. As discussed below, given the "look-through" effect of Xe mea surements, it is probable that these recordings were from heterogeneous tissue consisting of both se verely and moderately ischemic regions. Since the area of severe ischemia is small by comparison with the bordering moderate ischemia zones, it is reason able to consider these results as assessing the ef fects of MK-801 in moderate ischemia (penumbra) after a transient incomplete focal ischemic event. Accordingly, these results demonstrate that MK-801, a noncompetitive NMDA antagonist, increased both capillary diameter and area of perfused vascu lature and attenuated hypoperfusion in moderately ischemic regions during reflow. It is reasonable to postulate that prevention of cation influx through an NMDA-gated channel attenuated cellular edema, thereby reducing extravascular compression as demonstrated in Figs. 3 and 4 . This hypothesis is supported by the following facts. First, the NMDA receptors for excitatory amino acids like glutamate have a high concentration in cerebral cortex layers I-III (Monaghan et aI., 1983; Foster and Fagg, 1984) . Second, during ischemia there is a sharp in crease in extracellular glutamate concentrations (Benveniste et aI., 1984; Drejer et aI., 1985) . Third, the addition of glutamate to hippocampal or fetal neocortical cultures leads to cellular edema attrib utable to Na+ influx (Olney, 1978; Rothman, 1983 Rothman, , 1984 Choi, 1985; Rothman and Olney, 1986) . Also, kynurenate antagonism reduces neonatal anoxic brain edema (Simon et aI., 1986) . Fourth, cerebral arterioles have no receptor sites for excitatory amino acids and there is no direct vasodilative ef fect in vitro (Hardebo et aI., 1989; Takayasu and Dacey, 1989) . This was confirmed in this experi- ment by the observation that MK-801 did not in crease capillary diameters in nonischemic cortex. An alternative hypothesis to explain these results is that MK-801 presynaptically inhibited neurons with perivascular terminations that released vasocon strictors.
Although brain temperature was not directly measured, the preparation used here was essen tially a closed cranium model of the cortex that un derwent the ischemic insult. Therefore, since core body temperatures were kept within a OSC range between all three treatment groups, it is unlikely that the potential hypothermic effects of MK-801 contributed to these results.
In this experiment, MK-801 at 0.1 and 1.0 mg/kg i. v. caused a dose-dependent decline in blood pres sure prior to MCA occlusion. The reported effects of MK-801 on arterial blood pressure are variable. For example, in canines a dose of 150 "",g/kg i. v. resulted in an 8% decrease in blood pressure, while in cats 5 mg/kg i. v. caused significant increases (Ozyurt et aI., 1988; Perkins et aI., 1989) . There fore, the effects of MK-801 on blood pressure may be both dose and species dependent. Despite the reduction in blood pressure in this experiment, CBF autoregulation remained intact. The cause of the decline in CBF following MK-801 infusion is un clear. First, there is no evidence for NMDA recep tors on brain capillaries or arterioles, and in vitro studies demonstrate no direct vasomotor effect (Beart et aI., 1988; Hardebo et aI., 1989; Takayasu and Dacey, 1989) . Second, hemispheric CMR0 2 is unaffected by MK -801, albeit at doses significantly lower than used in this experiment (Perkins et aI., 1989) . However, at the higher dose used in this study, it is possible that there may have been de pression of CMR0 2 with resultant drop in CBF (Ku-rumaji and McCulloch, 1989 ). An alternative expla nation could be modulation of neurons with peri vascular terminations.
As indicated above, this experiment also demon strates one disadvantage of measuring regional CBF. Although there was prevention of hypoperfu sion by the higher dose of MK-801 despite signifi cant hypotension, there was not a strong correlation between capillary diameters and our CBF measure ments. Measurement of regional CBF as performed here determines blood flow through heterogeneous tissue in terms of tissue perfusion (Hanson et aI., 1975; Anderson et aI., 1987) . Thus, the larger the detecting probe for measuring clearance of a diffus ible tracer is, the greater the heterogeneity of blood flow data generated from the assessment of (a) cor tex with varying degrees of decreased blood flow; (b) vessels of different caliber, ranging from surface conducting arteries to penetrating arterioles, capil laries, and draining veins; and (c) tissues with in trinsically different rates of blood flow, including gray and white matter. Therefore, regional CBF cannot be directly equated with microcirculatory flow through capillaries (Pluta et aI., 1989) .
Finally, the significance of postischemic hypo perfusion remains controversial. Although it seems reasonable to assume that any postischemic decline in CBF will be detrimental, there is evidence that delayed hypoperfusion following global ischemia is actually a secondary result of a primary impairment of metabolism (Ginsberg et aI., 1979; Welsh et aI., 1982; Marcy and Welsh, 1984; Welsh, 1985) . There fore, it remains to be determined if attenuating hy poperfusion decreases ischemic neuronal injury. However, this apparent beneficial effect on capil lary beds during incomplete focal ischemia may ex plain in part why excitatory amino acid antagonists may be more effective in incomplete focal with moderate ischemia regions as compared with com plete cerebral ischemia (Ozyurt et aI., 1988; Park et ai., 1988) .
